Abstract: This paper deals with the definition and determination methods of the soil-water retention surface (SWRS), which is the tool used to present the hydromechanical behaviour of soils to highlight both the effect of suction on the change in water and total volumes and the effect of deformation with respect to the water retention capability. An experimental method is introduced to determine the SWRS and applied to a clayey silty sand. The determination of this surface is based on the measurement of void ratio, suction, and water content along the main drying paths. These paths are established for five different initial states. The experimental results allow us to define the parametric equations of the main drying paths, expressing both water content and void ratio as functions of suction and initial void ratio. A model of the SWRS for clayey silty sand is established in the space (void ratio -suction -water content). This surface covers all possible states of the soil inside the investigated range for the three variables. Finally, the SWRS is used to study the relations between water content and suction at a constant void ratio and between void ratio and suction at a constant water content.
Introduction
The retention behaviour of unsaturated soils is generally presented using the water retention curve. This fundamental curve links the variations of the potential energy of the liquid phase, usually characterized by the suction, s, to the variations of the saturation state, characterized by the water content, w, or the degree of saturation, S r . The retention curve has been widely studied during the past several decades with a focus on the (i) fitting equation (Brooks and Corey 1964; Fredlund and Xing 1994) , (ii) influence of soil compaction conditions (Vanapalli et al. 1999; Sugii et al. 2002; Verbrugge and Fleureau 2002) , (iii) modelling of hysteresis (Li 2005; Pham et al. 2005; Nuth and Laloui 2008) , and (iv) influence of temperature (Romero et al. 2001; Imbert et al. 2005; Tang 2005; Salager et al. 2006) .
The retention behaviour as defined above is unable to account for the phenomena that induces hydromechanical couplings. It is obvious, however, that the water retention curve depends on the soil density (Miller et al. 2002; Sugii et al. 2002; Tarantino and Tombolato 2005) and that soil deformation is responsible for suction variations. Therefore, for the construction of a retention constitutive law, it is essential to consider the evolution of the density state in the course of drying or wetting processes (Delage et al. 1998; Romero 1999; Fleureau et al. 2002; Olchitsky 2002) . In addition, the tool used to present the hydromechanical behaviour of soils has to highlight both the suction effect on the volume change (water and total volumes) and the deformation effect on the water retention capability. This tool has to be defined by a function that expresses the potential energy of the liquid phase with respect to the variations of the water volume and the total volume. The variables chosen in this study are suction (s), water content (w), and void ratio (e) because they are usually used in soil science and are easily measura-ble. The function that links these three variables is presented as a surface called the ''soil-water retention surface'' (SWRS). It contains and generalizes the concept of the water retention curve in the case where the deformations can not be neglected.
Some results are available in the field of hydromechanical characterization, but they usually provide partial and simplified representations through the water retention curve. The aim of the investigation presented in this paper is to define a more general concept of the SWRS and propose a representation of it from a broad set of experimental data.
In the next section, basic elements of hydromechanical couplings are presented from both theoretical and experimental backgrounds. This helps to highlight the necessity of a tool that is more general than the water retention curve to characterize the retention behaviour of soils. Then, an experimental method to determine the SWRS is introduced and applied to a clayey silty sand. The determination of this surface is based on the measurement of the triplets (e, s, w) along the main drying paths. These paths are established for five different initial states characterized by their void ratio and water content at saturation. The experimental results allow us to define the parametric equations of the main drying paths expressing both water content and void ratio as two functions of suction and initial void ratio. A model of the SWRS for clayey silty sand is established in the space (es-w). This surface covers all possible states of the soil for the drying paths inside the investigated range for the three variables. Finally, using an analytical framework based on the differential of the suction with regard to water content and void ratio, the SWRS is used to study the relations between water content and suction at a constant void ratio and between void ratio and suction at a constant water content.
Basic elements of hydromechanical couplings

Theoretical aspects
In the particular case of a saturated soil, the void ratio is simply related to the water content by e = G s w, where G s is the specific weight of the soil. In the general case of unsaturated soils, we have S r e = G s w so that void ratio and water content are independent quantities.
In this context, many authors -notably Biot (1972) , Fredlund and Morgenstern (1976) , and Coussy (1995) have shown that in the general hydromechanical framework, the void ratio and water content have to be defined independently by a function with two variables: one characterizing the potential energy variations of water and the other characterizing the stress state variations. This can be written as
½1
w ¼ wðs; s net Þ ½2 e ¼ eðs; s net Þ where s net is the net stress tensor.
To focus on the retention behaviour, one may consider the case of nonlinear poroelasticity. In this framework, Devillers et al. (2008) expressed the suction as a function of void ratio and water content as follows:
where M ww is Biot's modulus; p g and n g are the pressure and volume fraction of the gas phase, respectively; b w is Biot's coefficient; r s and r w are the specific density of the solid and liquid phases, respectively; and the subscript 0 refers to the initial state. In the same way, Fredlund (1979) and later Saix (1991) defined a hydromechanical framework from experimental data to analyze the retention behaviour of soils, which could be expressed as
where K M is a coefficient related to the coupling between water content and void ratio variations; K H is a coefficient related to the coupling between water content and suction variations; and s f and s i are the final and initial values of suction, respectively. Equations [3] and [4] emphasize the fact that two variables are necessary to define the retention state of an unsaturated soil. Therefore, the retention behaviour of a soil has to be represented by a surface instead of the usual water retention curve.
Experimental aspects
Most experimental studies hint at the influence of density on the water retention curve of soils (Vanapalli et al. 1999; Watabe et al. 2000; Fleureau et al. 2002; Miller et al. 2002; Sun et al. 2007 ). They provide compelling evidence for the fact that the definition of the retention behaviour of a soil implies either water content versus suction or degree of saturation versus suction, as well as a variable characterizing the total volume change. To analyze in detail the effect of density on the retention behaviour, one may consider the parameters of the functions used to fit water retention curves. Several functional forms already exist (Gardner 1958; Brooks and Corey 1964; Van Genuchten 1980; Fredlund and Xing 1994; Kosugi 1994) , but their parameters are always linked, in a more or less direct way, to three characteristics: the air-entry value, s a ; the slope of the high desaturation linear part 4; and the residual water content, w r .
Several studies (Kawaï et al. 2000; Romero and Vaunat 2000; Karube and Kawaï 2001; Zhou and Yu 2004) suggest that the parameter of the water retention curve most influenced by the initial density is the air-entry value. A suction loading applied to an unsaturated soil induces a partial migration of the liquid phase. From the air-entry value, the drainage process becomes faster. This transition in retention behaviour reflects a limit level of the capillary tension for the soil. This limit varies in the reverse direction with respect to the pore size and hence, the void ratio. For this reason, it can be confirmed that the air-entry value declines as void ratio increases (Karube and Kawaï 2001) . Kawaï et al. (2000) modeled the evolution of this parameter by a power law
where e 0 is the initial void ratio and A and B are the model parameters. The experimental works of Romero and Vaunat (2000) and Karube and Kawaï (2001) corroborate this model. The reported results concerning the evolution of the slope 4 with respect to the density are not unanimous. This parameter is considered to be constant with respect to the initial void ratio for Romero and Vaunat (2000) , decreases slightly with density increase for Miller et al. (2002) or is linked to the air-entry value by relation 4 = 0.5 + 0.05s a for Karube and Kawaï (2001) in the case of slightly plastic clay.
The residual water content or residual degree of saturation represent a transition to a state where the liquid phase is no longer continuous in the medium. Al-Mukhtar et al. (1999) determined the water retention curves for two series of samples prepared with a smectite, compacted at 1 and 10 MPa. They noted that, below a certain level of relative humidity (98%), the water retention curves are similar. The ends of the curves, and thus the continuity limit of the liquid phase, are not influenced by the density. Likewise, Romero and Vaunat (2000) and Karube and Kawaï (2001) consider that, to a first approximation, this parameter is constant irrespective of initial conditions. Romero and Vaunat (2000) delimited two zones on the water retention curve of a double structure clayey medium: one corresponds to the interaggregate porosity and the other to the intraaggregate porosity. In the first one, corresponding to low suctions, the effect of hydromechanical couplings is very important; whereas, in the second one, corresponding to high suctions, the water retention curve is independent of the mechanical parameters such as void ratio. This point is supported by the experimental data of Vanapalli et al. (1999) , which suggested that for a clayey sand the water retention curve is independent of the mechanical history in the range of high suctions.
Experimental programme
The experimental programme was established to target the following goals:
Show experimentally the relevance of the SWRS concept. Illustrate a complete construction method of this surface for a soil (the clayey silty sand). This requires the parametric equations of the main drying path of this soil. To extend the domain of validity, the model will have to rely on experimental data covering a broad range of void ratios. A clayey silty sand was used in this testing program. This soil is classified as SC-CL according to the Unified Soil Classification System (ASTM 2006). The liquid and plastic limits are 25% and 14.5%, respectively; and the sand, silts, and clay fractions are 72%, 18%, and 10%, respectively. The clay fraction consists mainly of smectite, chlorite, and phyllite. The optimum water content is 14.5% at a dry density r d = 1.86 and the specific gravity of the soil is G s = 2.65. The soil was air-dried for several days and passed through a 2 mm sieve. The soil, well-mixed with the necessary water quantity, was placed in airtight boxes for at least 48 h to homogenize the water repartition. Each sample was compacted statically in a single layer (30 mm diameter and 10 mm high) within a mould to obtain the required water content and dry density conditions of fabrication (moulding state). The experimental program involved five series of samples with each series compacted to a different density (Table 1) . For the loosest state, the samples were compacted to a dry density r d = 1.35, corresponding to a void ratio of 0.96. To differentiate well between the densities and ensure the continuity of the curves at the same time, the dry densities of distinct samples differed by 0.15. The samples of the most compacted series had a dry density of 1.95. The moulding water content was equal to 18% for the three series of lower densities, which corresponds to the wet side of the Proctor compaction curve. For the others, this water content is too high for a a good compaction. For these series, the compaction was carried out at lower water contents of 14% and 12%. These values of the water content were selected to keep the moulding state close to the Proctor optimum conditions.
To obtain the initial state, the samples were saturated by imbibition for 2 h on a ceramic plate linked to a pure water tank. The measured characteristics at the end of this process thus define the initial states of samples. Figure 1 displays the moulding and initial states of each series compared with the saturation line and Proctor compaction curve. The moulding and initial sample characteristics of the five series are summarized in Table 1 .
The suction loading was applied to the samples in a pressure-plate apparatus (Salager 2007) , using the axis translation technique or a sorption bench (Salager et al. 2008) , by the vapor equilibrium method. For each series, an average of 16 to 18 suction values were imposed and the main drying paths determined. At equilibrium, the water content and void ratio of the samples were measured. Each measurement is an average over three samples and more than 240 samples were used. Hence, the number of available triplets (s, w, e) is above 80.
The adopted procedure for volume measurement is based on the general method using fluid displacement described, for instance, by Head (1980) , with some modifications added by Péron et al. (2007) . The fluid used for volume measurement in this method is Kerdane (oil from which aromatics are extracted). First, a clean and dry pycnometer is filled with Kerdane and weighed, constituting the mass m P1 . Afterwards, each sample set aside for volume measurement is weighed to determine its wet mass, m 1 . The sample is then lowered into a bath of Kerdane. Kerdane is nonmiscible in water and invades the pore spaces filled with air without affecting the soil structure. After 3 h, the sample is removed from the Kerdane bath. The estimated duration of the process (i.e., 3 h) is based on our observations: at the beginning of the bath, air bubbles are released from the samples; afterFinally, the mass m s (solid mass of the sample) is determined by oven drying. The sample volume, V, can be calculated using the following relationship:
where r K is the specific mass of Kerdane. The corresponding void ratio is determined using
where V v and V s are the volumes of void and solid particles, respectively; and r s is the specific mass of the solid particles.
Main drying path
Description
The suction loading induces hydromechanical couplings in terms of water content and void ratio variations Verbrugge and Fleureau 2002) . For a complete description, the main drying paths must be presented in several projection planes or in the form of a tri-dimensional plot ( Fig. 2 ; Biarez et al. 1988; Salager et al. 2007) . Figure 2 shows an example obtained for series No. 2, where Plane e = constant, for the water content versus suction plot (the suction axis is usualy plotted on a logarithmic scale), commonly called water retention curve. Plane w = constant, for the void ratio versus suction plot, commonly called retention consolidation curve. Plane s = constant, for the void ratio versus water content plot. Figure 3 shows the data points obtained for the five data sets in the projection plane e = constant. These points allow us to build the water retention curves of the clayey silty sand compacted at different initial void ratios. In each case, for the low values of suction (below a few kPa), the water content variations are low and for the intermediate suction values (between a few kPa and about 3000 kPa) these variations are important and correspond to the high desaturation linear part.
Projection on the plane e = constant
For high values of suction, no significant hydromechanical coupling is observed, as the data converge to the same point for different sets. In fact, the influence of the initial void ratio is no longer visible beyond a suction in the range of 100-200 kPa. During mechanical loading, during static compaction in the fabrication of the sample for this study, the pore network of the soil is modified. The larger pores are easily crushed; whereas the smaller ones need higher stress to be reduced. However, the stress required to reduce the smallest pores may be high enough to break the grains (Fredlund and Pham 2007) . In this way, the compaction has a strong effect on the low suctions part of the water retention curve while, for the high suctions, the water retention can be considered as unique (Delage and Graham 1995) .
We use the function proposed by Fredlund and Xing (1994) to fit the water retention curves
½8
wðsÞ w sat -The water content at saturation is directly linked to the initial void ratio by the following relation:
where G s is the specific density of the solid phase equal to 2.65 for the clayey silty sand. 4, s r , and s p -One can note in Fig. 3 that the three parameters are independent from the initial void ratio. This stems from the fact that above a suction of about 100-200 kPa, the data points of different sets coincide. s i - Figure 3 shows that the inflexion suction decreases when the initial void ratio increases. The evolution of this parameter is correlated with the suction associated with the air-entry value s a . Miller et al. (2002) showed for four different soils that these two characteristics are proportional. Equation [5] was able to describe the evolution Table 2 . Figure 4 displays the water retention curves obtained for different data sets. We observe a good agreement between the experimental data and the values predicted by the model.
Projection in the plane w = constant
The plots of the void ratio as a function of the initial void ratio for different values of suction, shown in Fig. 5 , indicate that these two terms are proportional. Similar results have been obtained by Ferber et al. (2008) for the case of free swelling tests performed on a clay and a silty clay. For a suction equal to zero, the proportionality coefficient is obviously equal to 1 (initial state of each test). Then, it decreases as the suction increases and saturates to a constant value of 0.79 beyond a suction of about 10 000 kPa. This proportionality between void ratio and initial void ratio is true only in the case of the main drying paths.
As a is the proportionality coefficient, the equation relating the void ratio to the initial void ratio can be written as
½13
eðs; e 0 Þ ¼ aðsÞe 0 Figure 6 shows the evolution of a with suction. The observed similarity between the shape of this curve and that of the water retention curve suggests that a fitting form similar to eq. [8] may work. This relation takes the following form:
where the values of a, b, d, and e are 1000, 0.21, 400, 2.896, and 0.466, respectively. Equations [13] and [14] make it possible to express the variations of the void ratio as a function of the suction and initial void ratio. Figure 7 shows the plots of the fitting curves of the main drying path projected on the plane w = constant for all data sets. We see that, on one hand, the model underestimates the effect of suction on the void ratio for the set corresponding to the highest initial void ratio and, on the other hand, it overestimates this effect for the set corresponding the lowest initial void ratios. These deviations result from the linear approximation between void ratio and initial void ratio. Nevertheless, the predictions of the model are reasonably good.
Soil-water retention surface of the clayey silty sand
Plotting the main drying paths of the clayey silty sand for a wide range of initial void ratios will generate the SWRS of this soil. A method to model this surface is proposed as follows.
From the parametric equations of the main drying paths determined previously, one can compute, for each value of the suction s j , five couples ðw e0 j ; e e0 j Þ corresponding to the five initial void ratios of different data sets. These points describe the evolution of water content with the void ratio at a given value of suction. Figure 8 displays the resulting curves.
The saturation line (w sat = e/G s ) limits the accessible zone of the couples (w, e). Under this line, for each suction s = 1,10, . . ., 1 000 000 kPa, the evolution of water content with void ratio can be represented by straight lines. The relation between water content and void ratio can therefore be written as
where the slope a and the intersection b depend on the suction. The coordinates w int and e int of the intersection point between the saturation line and the line defined by eq. [15] are given by the relations
[15] can be written as
To establish the full expression of the water content, we need to take into account the fact that the couples (w, e) are not permissible below the saturation line. In this way, the expression of the water content is defined by the following system of equations: Figure 8 highlights the point that a and w int decline with the increase in suction. Table 3 gives the values of these parameters for the nine suctions used. To plot these values in logarithmic scale, it is assumed that the saturation line corresponds to the very low suction of 0.1 kPa.
Figures 9 and 10 show the variation of the parameters a and w int with suction. For the states close to saturation, a(s), the slope of the lines w(e) is equal to the coefficient of the saturation line 1/G s & 1/2.65 & 0.377. For higher suctions, this slope decreases very quickly. From 1000 kPa, slight nonmonotonous variations are observed, but they will not be taken into account in the model.
At low suctions, the intercept water content, w int , remains constant and equal to 0:198. In the graph of Fig. 8 , this means that all lines converge to the same point. Above a suction of ' 10 kPa, w int (s) decreases.
The curves obtained for the two parameters as a function of suction have the same shape as the water retention curves. At low suctions, the evolution is slow; whereas, at intermediate suctions, it is fast and it again becomes slow or equal to zero at still higher suctions. Equation [8] is used to capture these variations. Table 4 summarizes the values of the parameters of these two functions. The parameter 4, 0.019 0.6 1 000 000 0.000 0.0 which is the slope of the linear part at high variations, is the same for both functions.
From the expressions of a(s) and w int (s) in the eq.
[21], we get the equation of SWRS for the clayey silty sand. Figure 11 shows this surface. The SWRS can be split into the following three zones:
Saturation -The suction is not equal to zero, but the pores of the soil are too small to let the suction loading begin to desaturate the medium. The air-entry value increases when the void ratio decreases.
Void ratio dependence -This zone corresponds to the suctions below^100 kPa and void ratios above 0.4. Void ratio independence -This zone corresponds to suctions above 100 kPa. Figures 12a and 12b display, respectively, the SWRS of the clayey silty sand compared with the main drying paths and the SWRS in terms of degree of saturation. In Fig. 12a , one can note that the water retention curves corresponding to the higher values of initial void ratio do not cross the saturated zone, which means that the water content decreases even for low suction. The graph highlights the variation of the void ratio along the main drying paths. When the SWRS is plotted in terms of degree of saturation, the saturation line is horizontal and the saturated zone is a plane where S r keeps the value 1 even if the suction is not null. In this space, the effect of the density on the degree of saturation suction relation is not negligible even for the most drying states.
Analysis of SWRS
As an analytical framework for the study of SWRS, we propose the following formulation of a general evolution law expressing the variations of suction with respect to water content and void ratio:
The partial derivatives appearing in this equation are state functions
The function F w is associated with suction increment due to water content increment at constant void ratio. For an undeformable medium, this term is the negative slope of the water retention curve.
½24
F e ¼ @s @e w
The function F e is associated with suction increment due to the increment of void ratio at constant water content.
Equation [22] underlines the fact that a function f(s, w, e) = 0 linking the variations of suction, water content, and void ratio exists. The system of equations in eq.
[21] defines this function ( f(s, w, e) = w -w(s, e) = 0).
At a constant void ratio, eq. [22] is reduced to
½25
ds ¼ F w dw Figure 13 presents the water retention curves of the clayey silty sand for constant values of void ratio. These curves are determined by means of the function f.
At high void ratios, the desaturation of the medium appears from the low suction values. For this range of void ratios it is clear that when the void ratio decreases, the airentry value grows. For the plot corresponding to e = 0.4, Figure 14 shows the evolution of F w with the suction for different values of the void ratio. F w is negative for the whole range of suction values. It is equal to 0 for a zero suction but it cannot be plotted in logarithmic scale.
At constant water content, eq.
[22] is reduced to
The function F e is the negative slope of the function e = e(s, w = consant). Figure 15 shows the curves e = e(s, w = constant) for different values of water contents determined by means of the function f. The general behaviour described by this graph is that, for a constant water content, an increase of the suction induces an increase of the void ratio. One can note that the opposite behaviour is observed in drained tests (w = constant). With this void ratio evolution, the soil reduces its water retention capability and reaches a state compatible with the values of the imposed suction and water content. The higher the suction, the lower the density has to be. From a certain value of suction, it becomes impossible for the soil to reach a compatible state and consequently, the evolution of the void ratio with regards to the suction becomes assymptotic. As in Fig. 13 , some curves exhibit marked changes in the slope, which are induced by the system in eq. [21] . These curves corresponding to water contents of 5% and 10% show the capability of the model to describe extreme states but do not have a real physical meaning.
The function f allows one to obtain the following explicit form of the function F e : Figure 16 gives the evolution of F e with suction for different values of water content. F e is not a motonic function. As already mentionned for Fig. 15 , only the plots corresponding to high enough water content values have a real physical meaning. Therefore, only the curves corresponding to values above 16% are plotted.
At constant suction, eq.
[22] is reduced to ½29 F w dw þ F e de ¼ 0 Hence,
From eq.
[15], it can be deduced that the derivative of water content with respect to void ratio is equal to the function a(s). The same result is obtained when expanding the ratio -F e /F w with eqs. [26] and [28] . The water content variations with respect to void ratio for different constant values of the suction were presented in Fig. 8 .
Conclusion
In the field of hydromechanical characterization, only few results exist. The reported results provide only partial and simplified representations through the water retention curve. Retention behaviour defined in this way does not account for the phenomena inducing hydromechanical couplings. To fill this gap, a detailed study is presented in this paper, making it possible to define a more general concept of soil-water retention surface (SWRS) and to give a representation of it on the basis of broad experimental data. In the section titled ''Basic elements of hydromechanical coupling,'' we described basic elements of hydromechanical couplings with respect to both theoretical and experimental aspects. The development of a more general tool than the water retention curve was motivated by the necessity for characterizating the retention behaviour of soils.
An experimental method to determine the SWRS was then presented and applied to a clayey silty sand. The determination of the surface was based on the measurement of the triplets (e, s, w) along the main drying paths. These paths were established for five different initial states characterized by their void ratio and water content at saturation. The experimental data allowed us to define the parametric equations of the main drying paths, which express both water content and void ratio as two functions of suction and initial void ratio.
A SWRS model of the clayey silty sand was then etablished in the space void ratio -suction -water content. This surface presents all possible states of the soil inside the investigated range of the three variables. Three zones could be clearly differentiated on the SWRS: saturation, void ratio dependence, and void ratio independence. Most of the results obtained in this framework can be generalized and the SWRS appears as a powerful tool for the characterization of the retention behaviour of deformable soils taking into account hydromechanical couplings. Finally, by means of an analytical framework based on the differential of the suction with regard to water content and void ratio, the SWRS was used to study the relations between water content and suction at constant void ratio and between void ratio and suction at constant water content.
